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Purpose. To measure endothelial function and oxidative stress immediately, 90 minutes, and three hours after exercise of varying
intensities. Methods. Sixteen apparently healthy men completed three exercise bouts of treadmill running for 30 minutes at
55% ̇VO
2max (mild); 20 minutes at 75% ̇VO2max (moderate); or 5 minutes at 100% ̇VO2max (maximal) in random order. Brachial
artery flow-mediated dilation (FMD) was assessed with venous blood samples drawn for measurement of endothelin-1 (ET-1),
lipid hydroperoxides (LOOHs), and lipid soluble antioxidants. Results. LOOH increased immediately following moderate exercise
(𝑃 < 0.05). ET-1 was higher immediately after exercise and 3 hours after exercise in the mild trial compared to maximal one
(𝑃 < 0.05). Transient decreases were detected for ΔFMD/ShearAUC from baseline following maximal exercise, but it normalised at
3 hours after exercise (𝑃 < 0.05). Shear rate was higher immediately after exercise in the maximal trial compared to mild exercise
(𝑃 < 0.05). No changes in baseline diameter, peak diameter, absolute change in diameter, or FMD were observed following any of
the exercise trials (𝑃 > 0.05). Conclusions. Acute exercise at different intensities elicits varied effects on oxidative stress, shear rate,
and ET-1 that do not appear to mediate changes in endothelial function measured by FMD.
1. Introduction
It is well established that aerobic exercise training can
improve endothelial function and flow-mediated dilation
(FMD) responses [1], particularly in those with cardiovas-
cular disease and related risk factors [2]. Despite this link,
the acute effects of exercise on endothelial function and
health have received relatively little attention [3] especially
throughout the postexercise period (>1 hour after exer-
cise) and in relation to oxidative stress, endothelin-1 (ET-
1) production, or indeed exercise intensity. For instance,
reductions in circulating ET-1, the potent vasoconstrictor,
have been observed following aerobic exercise training [4],
whereas elevated levels have been reported following acute
intense exercise [5]. Moreover, acute strenuous aerobic exer-
cise has been associated with transient reductions of FMD
whereas moderate-intensity exercise is thought to confer
beneficial effects, attributable to elevated reactive oxygen
species (ROS) production at higher exercise intensities [6, 7].
An accumulation of free radical species can disrupt nitric
oxide (NO) bioavailability and compromise endothelial-
dependent vasodilation predisposing to vascular dysfunction
[8]. Equally, it is recognised that free radicals/ROS are
critical for cell function and in the regulation of intracellular
signalling and gene expression [9]. Mechanistic scrutiny of
such markers, deeper in the recovery period, is lacking and
may be of valuable use to exercise and health professionals,
especially when comparing various exercise doses, trying
to delineate appropriate recommendations for exercise and
physical activity guidelines for public health. Recently, there
has been research interest in the potential of low volume,
high intensity exercise to appeal to those who may struggle
to participate in traditional endurance regimes, often aligned
to the existing physical activity guidelines. Despite this, much
of this research though has focused exclusively on high
intensity interval training, using cycle ergometers. Scarce
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research exists investigating the effects of high intensity
continuous running exercise for short durations. Therefore,
the aim of this study was to investigate peripheral endothelial
function and oxidative stress indices following acute aerobic
exercise of differing intensities, not matched for volume,
throughout the postexercise period. We hypothesize that
differential responses to endothelial function and oxidative
stress production will be observed throughout the postex-
ercise period based on exercise intensity, whereby higher
exercise intensities will cause an elevation in oxidative stress
and ET-1 and a decrease in FMD.
2. Methods
2.1. Participants. Following the approval from a local
research ethics committee and in accordance with the Decla-
ration of Helsinki (1964), sixteen (𝑛 = 16) apparently healthy
White Irish males (age: 27.2 ± 5.4 yrs; height; 173.0 ± 6.8 cm;
body mass: 78.5 ± 18.0 kg; BMI: 25.3 ± 5.5 kg/m2; ̇VO
2max:
50.6 ± 6.5mL⋅kg−1⋅min−1) volunteered to take part in the
study. All participants were recreationally active, nonsmok-
ers, and normotensive and were not taking medication or
supplements, such as nonsteroidal anti-inflammatories, lipid
lowering agents, and antioxidant supplements, which may
have interfered with the relevant blood biochemistry. Before
commencing the study, all participants completed written
informed consent and a health screening questionnaire.
2.2. Experimental Design. Volunteers participated in a ran-
domised controlled, crossover design, which involved four
separate days of testing. Each bout of exercise was separated
by at least four days and during this time participants
were asked to maintain their normal dietary and physical
activity behaviour. On the first day, anthropometricmeasures
were taken and a maximal oxygen uptake ( ̇VO
2max) test
was performed to assess aerobic capacity. On the following
three visits, participants completed three randomly allocated
exercise trials which involved treadmill running for 30
minutes at 55% ̇VO
2max (mild); 20 minutes at 75% ̇VO2max
(moderate); or 5minutes at 100% ̇VO
2max (maximal). Testing
was completed in the morning after a standardized overnight
fast (10 hours). Participants were also asked to refrain from
drinking beverages containing caffeine. In the 48 hours before
all laboratory visits, participants were required to abstain
from alcohol and exercise, and in the three days prior to
testing theywere instructed to eat a similar diet. Experimental
measures were taken at baseline, immediately following
exercise (after), 90 minutes after exercise, and 3 hours after
exercise. Prior to each exercise bout, a standardised warm-
up was completed consisting of a 10-minute light jog (self-
selected pace) on the treadmill followed by appropriate
stretching and mobilisation exercises.
2.3. Anthropometric Measures. Height (to the nearest 0.1 cm)
and body mass (to the nearest 0.1 kg) were measured using a
freestanding stadiometer (Holtain Limited, Crymych, Dyfed,
Britain) and digital scales (Seca, Vogel & Halke, Hamburg,
Germany), respectively. This data was also used to calculate
body mass index (BMI).
2.4. Maximal Incremental Exercise Test. Participants com-
pleted an incremental exercise protocol to volitional exhaus-
tion on a motorised treadmill (Cosmos Lazer, Nussdorf,
Germany).The test began at a fixed treadmill gradient of 0%,
but the starting speed was self-selected by each participant.
Each increment lasted for 1 minute and the incline of the
treadmill was increased by 1%. Prior to the test, participants
completed a 10-minute warm-up, during which the initial
treadmill speed was established at 65% of predicted maxi-
mum heart rate (maximum heart rate: 208 – (0.7 × age)).
Following daily calibration, participants were linked to an
online computerised gas analysis system (Cosmed, Quark
CPET, Italy), heart rate measurements were recorded every
minute (Polar RS400, Finland), and vocal encouragement
was given throughout the test. Criteria for assessing VO
2max
included: an increase in oxygen consumption less than
2mL⋅kg−1⋅min−1 in the last 2 minutes of exercise; a heart rate
of within 5 beats⋅min−1 of predicted maximum; a respiratory
exchange ratio exceeding 1.15. The rate of perceived exertion
(RPE) was also measured using the Borg Scale [10].
2.5. Endothelial Function Measures
2.5.1. Brachial Artery FMD. Briefly, upon arrival to the labo-
ratory, participants rested in a supine position for 20 minutes
before resting brachial artery FMD was measured using a
12MHz linear transducer connected to a LOGIQeultrasound
imaging device (GE Healthcare, UK). ECG gating (AccuSync
72, USA; GE Medical Systems, China) was used to ensure
measurements taken at the same point in the cardiac cycle
(end diastole). Baseline images were recorded for 10 cardiac
cycles; frame collection was triggered via the ECG machine
at the beginning of every R wave.The occlusion cuff was then
rapidly inflated (E20 Rapid Cuff Inflator, AG101 Cuff Inflator
Air Source, USA) to 250mmHg for 5 minutes. Postcuff
measurements were initiated ≥10 seconds before the cuff
pressure was released and measurements were recorded for
≥2minutes after release. Imageswere acquired usingVascular
Imager software (Version 6.0.3, Medical Imaging Applica-
tions, USA). Arterial diameter was determined using offline
edge detection software (Brachial Analyser for Research
Version 5.7.0,Medical ImagingApplications, USA). FMDwas
performed and calculated according to the recent tutorial [11].
FMD was normalised to shear (shear area under the curve;
ShearAUC) to control for the large intersubject variability
in reactive hyperaemia-induced shear stress according to
the methods of Padilla et al. [12]. Following completion
of the exercise trial, FMD measurements were repeated
immediately after exercise and 90 minutes and 3 hours
after exercise. ΔFMD/Shear from baseline was calculated
for each participant as the difference in FMD/Shear at each
postexercise measurement point in relation to FMD/Shear at
baseline for each respective trial day and then averaged.
2.5.2. Blood Pressure. Systemic arterial blood pressure was
measured with an automated Omron digital blood pressure
monitor (Omron Healthcare, Japan). Participants were asked
to rest in a supine position while measurements were taken
from the dominant arm. Measurements were taken three
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times and a mean was calculated. Blood pressure readings
were taken at rest, immediately after exercise, 90minutes after
exercise, and 3 hours after exercise.
2.6. Blood Biochemistry
2.6.1. Blood Sampling. Blood samples were taken before
exercise, immediately after exercise, and 3 hours after exercise
from a prominent forearm vein while participants rested
in a supine position. Immediately after collection, serum
separating clot activator tubes (SST) were left for 15 minutes
to clot at room temperature, while lithium heparinised tubes
and K
3
EDTA tubes were placed on ice. All blood tubes
were centrifuged at 3500 rpm for 10 minutes, serum and
plasma were removed, and aliquots were stored in 1.5mL
vials at −80∘C for biochemical analysis. Postexercise packed
cell volume and haemoglobin concentration were measured
on whole blood to correct for acute exercise-induced plasma
volume shifts using the equations of Dill and Costill [13].
2.6.2. Measurement of ET-1. Serum was assayed for ET-1
using an immunoassay kit (Quantikine, R&D Systems, UK)
which employed an ET-1 specific monoclonal antibody and
an enzyme-linked monoclonal antibody to sandwich the ET-
1 present in the sample wells. After preparation of reagents
and standards, 150𝜇L of Assay Diluent RD1-105 and 75𝜇L
of either the standard or sample were added to each well.
This was then incubated at room temperature on amicroplate
shaker for one hour. The wells were washed four times by
adding 400 𝜇L of wash buffer to each well. Once the wash
buffer was completely removed, 200𝜇L of ET-1 conjugate
was added into each well and incubated for 3 hours at room
temperature on a shaker. The wash step was repeated and the
wells were incubated at room temperature for a further 30
minutes before 50 𝜇L of Stop Solution was added to each well.
The optical density was read at 450 nm using a microplate
reader (EL808 BioTek Instruments, USA).
2.6.3. Measurement of Lipid Hydroperoxides. Serum lipid
hydroperoxides (LOOHs) were measured using the ferrous
iron/xylenol orange (FOX) assay [14]. Sample absorbance
was measured using a UV spectrophotometer (UV mini-
1240 Shimadzu, Mason Technologies, Ireland) at 560 nm.
Intra- and interassay CV at 0.57𝜇mol⋅L−1 = 4.6% and 6.0%,
respectively.
2.6.4. Lipid Soluble Antioxidants. Lipid soluble antioxidants
were measured using the simultaneous high pressure liq-
uid chromatography (HPLC) assay of Thurnham et al.
[15]. Samples were measured using a Waters HPLC system
(Waters, 717 autosampler, Waters PDA detector, and Waters
510 pump), Column (Waters Sunfire C18 3.5 𝜇m, 4.6 ×
100mm), and guard column (Waters Sentry Guard holder,
WAT046910, Waters column joining tube assayWAT084080,
Waters Sunfire 3.5 𝜇m 4.6 × 20mm guard column, Part
number 186002682) under the following conditions: flow
rate 1.5mL⋅min−1 and pressure 1000–2000 psi. Plasma 𝛼-
tocopherol and 𝛾-tocopherol were read at an absorbance of
240 nm, retinol was read at 420 nm, and lycopene, 𝛼 carotene,
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Figure 1: ΔFMD/ShearAUC from baseline throughout the postex-
ercise period. ∗
𝑃
≤ 0.05 versus 3-hour postexercise maximal
intensity trial. ΔFMD/ShearAUC from baseline appears to decrease
immediately after exercise and 90minutes after exercise, respectively
(𝑃 ≤ 0.05), before normalising at 3 hours after exercise.
and 𝛽 carotene were read at 550 nm. Intra- and interassay CV
were both <5%.
2.7. Statistical Analysis. Sample size was determined using
a prospective power calculation performed for the main
marker of interest (endothelial function, FMD) and this takes
into consideration a 30% dropout rate. This was based on
methods outlined by Altman [16].
Statistical analysis was completed using Microsoft Excel
version 2010 (Microsoft,USA) and SPSS social statistics pack-
age version 19 (IBM, UK). One-sample ShapiroWilks𝑊 tests
were used to assess the distribution of the data. Parametric
data were analysed using a repeatedmeasures two-way analy-
sis of variance (ANOVA), for two within participants’ factors:
time and exercise intensity trial. A Bonferroni-corrected
paired samples 𝑡-test was used to further assess a signif-
icant interaction effect within participants. Nonparametric
data was analysed using a number of Friedman Tests and
post hoc analysis was completed using Bonferroni-corrected
Wilcoxon Signed-Rank Tests. Statistical significance was
accepted at a level of 𝑃 < 0.05.
3. Results
3.1. Endothelial Function
3.1.1. FMD Characteristics. No changes in baseline diameter,
peak diameter, absolute change in diameter, or FMD were
observed following any of the three exercise trials (𝑃 >
0.05; see Table 1), respectively. Nonetheless, within group
differences were detected for ΔFMD/ShearAUC change from
baseline between immediately postexercise maximal trial
versus 3-hour postexercise maximal trial (𝑃 = 0.014) and 90-
minute postexercise maximal trial versus 3-hour postexercise
maximal trial (𝑃 = 0.010; see Figure 1), respectively. Time
to dilation was longer immediately following the maximal
trial compared to baseline (𝑃 = 0.001). No changes in
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Table 1: Endothelial function data.
Trial/time Baseline diameter
(mm) Peak diameter (mm)
Time to peak (s) FMD (%) Shear rate (AUC) FMD : ShearAUC
Maximal
Baseline 3.48 ± 0.45 3.68 ± 0.44 45.62∗ ± 15.14 5.40 ± 3.45 30780.22∗ ± 11458.38 0.20 ± 0.16
After 3.72 ± 0.42 3.94 ± 0.43 74.04 ± 21.93 6.12 ± 2.55 54147.79 ± 16042.47 0.12 ± 0.04
90min 3.65 ± 0.41 3.58 ± 1.113.83 ± 0.43
62.46 ± 23.78 4.95 ± 3.62
6.3 ± 3.5
41063.70 ± 13477.47 0.13 ± 0.09
3 hours 3.62 ± 0.42 3.83 ± 0.43 44.92 ± 17.76 6.30 ± 3.50 30812.45∗ ± 10944.68 0.21 ± 0.15
Moderate
Baseline 3.59 ± 0.50 3.71 ± 0.51 51.72 ± 25.29 3.66 ± 2.86 33929.82∗ ± 11250.44 0.12 ± 0.08
After 3.76 ± 0.53 3.98 ± 0.53 54.36 ± 21.40 6.08 ± 4.07 44216.42 ± 14675.47 0.14 ± 0.10
90min 3.70 ± 0.51 3.87 ± 0.49 52.19 ± 20.29 4.73 ± 2.71 41062.87 ± 16845.44 0.12 ± 0.08
3 hours 3.70 ± 0.57 3.81 ± 0.55 64.06 ± 30.37 3.51 ± 3.21 35954.24 ± 8787.05 0.11 ± 0.10
Mild
Baseline 3.56 ± 0.54 3.70 ± 0.47 54.78 ± 29.80 4.16 ± 4.13 37436.58 ± 13538.84 0.14 ± 0.16
After 3.68 ± 0.52 3.83 ± 0.50 56.56 ± 30.00 4.28 ± 3.77 36693.52 ± 15878.06 0.14 ± 0.12
90min 3.69 ± 0.51 3.86 ± 0.48 49.69 ± 30.37 5.06 ± 4.57 34996.60 ± 11689.06 0.14 ± 0.16
3 hours 3.65 ± 0.50 3.74 ± 0.48 55.34 ± 23.47 3.51 ± 3.36 38935.07 ± 12666.07 0.10 ± 0.12
∗
𝑃 ≤ 0.05 versus postmaximal exercise.
time to dilation were observed in any other exercise trial
(𝑃 > 0.05). Shear rate was higher immediately after exercise
in the maximal trial compared to values for baseline and
3 hours after exercise in the moderate trial (time × trial
interaction 𝑃 = 0.001 and 𝑃 = 0.012, resp.) and after exercise
and 90 minutes after exercise in the mild trial (time × trial
interaction 𝑃 = 0.006 and 𝑃 = 0.005, resp.). Within group
differences for shear rate were also detected in the maximal
trial immediately after exercise compared with baseline and 3
hours after exercise (𝑃 < 0.001, resp.). See Table 1.
3.1.2. ET-1. ET-1 was higher immediately after exercise and
3 hours after exercise in the mild trial compared to the
same points in the maximal trial (time × trial interaction,
𝑃 = 0.008; 𝑃 = 0.035), respectively. Compared to baseline,
no change in ET-1 was observed immediately following the
maximal trial (𝑃 = 0.096), but within group differences were
observed between postexercise and 3 hours after exercise for
ET-1 whereby ET-1 appeared to increase for this period (𝑃 =
0.002). No change in ET-1 was observed following moderate
exercise (𝑃 > 0.05). See Figure 2.
3.2. Oxidative Stress Indices. Differences in LOOHs were
observed between immediately post exercise in the moderate
trial and the same time points in the other two trials (time
× trial interaction, 𝑃 < 0.001), respectively. Compared to
baseline, LOOH increased immediately after exercise follow-
ing moderate exercise (𝑃 < 0.001). This elevation in LOOHs
decreased 3 hours after exercise (𝑃 < 0.001). There were
no within group changes in LOOH following the mild and
maximal exercise trials (𝑃 > 0.05, resp.). Data are presented
in Figure 3.
No changes in lipid soluble antioxidants (gamma-toco-
pherol, lycopene, alpha-carotene, or beta carotene) were
observed following any of the three exercise trials. Alpha-
tocopherol was lower immediately after 5 minutes of exercise
at 100% ̇VO
2max compared to immediately after 30minutes of
exercise at 55% ̇VO
2max (𝜒
2
= 10.43, 𝑃 = 0.01; see Figure 4).
TheFriedmanTest identified a difference in retinol at baseline
between the exercise trials (𝜒2 = 7.71, 𝑃 = 0.02). However,
Bonferroni-corrected and the post hoc Wilcoxon Signed-
Rank Test did not identify significant changes in baseline
values.
4. Discussion
The main findings of this investigation indicate that acute
exercise of varying intensities does not elicit any detrimental
effects to endothelial function (as characterised by FMD)
throughout the postexercise period. Markers of lipid peroxi-
dation (LOOH) were elevated immediately after exercise in
the moderate trial only, but this change may be important
in ROS-mediated exercise adaptations often associated with
repeated bouts or exercise training [9] as no impairment in
vessel function was evident. However, we provide tentative
evidence that acute exercise may transiently affect the vascu-
lar response (ΔFMD/ShearAUC from baseline) immediately
after and 90minutes after maximal exercise when compared
to exercise at 55% and 75% ̇VO
2max, respectively. Such dif-
ferences may be due to a combination of factors including
an increase in shear stress and a lower concentration of
the vasoconstrictor, ET-1. Yet, this forms part of a transient
vascular response for maximal exercise at 100% ̇VO
2max as
ΔFMD/ShearAUC from baseline was negative immediately
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Figure 3: LOOH prior to and following exercise. ∗
𝑃
≤ 0.001 versus
all other time points.
after exercise in the maximal trial before normalising at 3
hours after exercise.
In the current study, no changes in FMD% were detected
when exercising in the maximal trial compared to the
other exercise intensities throughout the postexercise period.
Although this clearly provides support for those advocating
high/maximal intensity exercise, one confoundermay be that
the basal conditions differed at the various time points when
FMDwas determined. For instance, the baseline artery diam-
eter for the maximal trial (presented in Table 1) is approx-
imately 7% larger post-exercise than the baseline artery
diameter recorded before exercise (baseline time-point).
Since FMD is calculated as % change from baseline diameter,
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Figure 4: Alpha-tocopherol prior to and following exercise. ∗
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≤
0.05 versus postmoderate and postmild exercise.
although the mean difference in baseline diameters was not
statistically different, this individual difference in baseline
diameter may be of importance. Thus, a larger baseline
diameter, that is, postexercise, maymask a larger FMD. Alter-
natively, although a prospective power calculationwas used, a
large coefficient of variation for FMDmight have beenmissed
in the power analysis and a larger sample size may have bene-
fit in future investigations to control for this observation. Sig-
nificant interactions were observed for shear rate throughout
the postexercise period (particularly in themaximal trial) and
these observations suggest that increased shear stress follow-
ing exercise could influence not only baseline diameter, but
FMD aswell.The lack of change in FMDmay then be because
the artery is preconditioned during the exercise and is closer
to dilatory capacity, thereby decreasing the cuff-induced
postischaemic shear stress [3]. Moreover, it has been recom-
mended that FMD should be normalised by dividing the per-
centage of FMD by shear rate (AUC; FMD/Shear) to account
for the large intersubject variability in reactive hyperaemia-
induced shear stress [11, 12]. Following normalisation for
FMD recommendations, we did indeed observe a relation-
ship between FMD and shear at baseline and following acute
exercise (data not shown). Although these data are in contrast
with a previous report [17], disparity in our findings could be
due to the intensity of our exercise. Clear trends appear to
suggest that FMD/ShearAUC was higher in the postexercise
period for the maximal trial. However, when postexercise
FMD/ShearAUC was analysed in relation to the difference
between baselines for each respective trial (ΔFMD/ShearAUC
from baseline), within group differences were observed in
the maximal trial only. This observation may suggest (i)
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decreased vessel function in the period immediately follow-
ing exercise and up until 90 minutes after exercise period
compared to baseline and (ii) a restoration of vessel function
at 3 hours after exercise compared to baseline. Accordingly, a
biphasic response of FMD following acute exercise has been
proposed whereby FMD appears to drop immediately follow-
ing exercise, but then it normalises after approximately 1 hour
[3, 18] although the normalisation process appears to have
taken longer in the current study.The nature of this response
seems to be influenced by the exercise mode, intensity, dura-
tion, and the timing of postexercise measurements [19]. The
length of the high intensity bout may be an important predic-
tor in the vascular response; reductions have been observed
following longer bouts of high intensity exercise (>twenty
minutes) whereas improvements have been noted in shorter
bouts (<twenty minutes) [3]; clearly more work is needed to
understand the biological value and drivers of this response.
Few studies have sought to measure endothelial function
and oxidative stress throughout the postexercise period.
Research suggests that an elevation in exercise intensity is
accompanied by a corresponding increase in ROS which has
the potential to decrease NO bioavailability. No changes in
LOOHs were reported following maximal or mild exercise
throughout the postexercise period, but lipid peroxidation
increased immediately following the moderate exercise trial.
Bloomer et al. [20] have demonstrated an increase in
oxidative stress following 30 and 60 minutes of aerobic
exercise at 70% ̇VO
2peak, but, to our knowledge, no studies
have reported a postexercise change in LOOHs following
moderate exercise when the exercise bout is twenty minutes
or less. A threshold intensity for elevating postexercise
oxidative stress has been postulated to occur between 50
and 70% ̇VO
2peak when running between 20 and 60 minutes
in trained subjects [7], and the current data suggests that
exercise at the higher end of this range ismore likely to elevate
LOOHs. The functional and indeed quantitative significance
of exercise-induced radical formation remains a source of
contention, but it is likely that radical production during exer-
cise may act as a signal to regulate molecular events such as
the upregulation of antioxidant enzymes and heat shock pro-
teins, events that are important in adaptation to exercise [21].
In fact, acute exercise-induced improvements in endothelial
function have been recently attributed to the relaxation
effect of some ROS [22]. The lack of change in LOOHs
following the maximal trial may seem somewhat surprising,
but one possible explanation could be that the concentration
of LOOH production in this bout was not sufficient to
overwhelm antioxidant capacity and therefore ROS clearance
occurred at a sufficient rate to preserveNObioavailability and
not affect vascular function. Like FMD, the duration of the
high intensity bout (5minutes in the current study)may be an
importantmodulator of the ROS response following exercise.
A drop in alpha-tocopherol was observed in themaximal trial
and it is plausible that these lipophilic antioxidants scavenged
any exercise-induced ROS and prevented changes in LOOHs.
Previous research has documented the protective effects
of alpha-tocopherol on exercise-induced oxidative damage,
particularly lipid peroxidation, and reductions of this chain-
breaking antioxidant have been reported following acute
treadmill exercise [23]. Other work has shown an increased
intramuscular content of alpha-tocopherol following exercise
possibly brought about by either a selective mobilization of
alpha-tocopherol to counter any exercise-induced oxidative
stress or an increase in lipoprotein delivery for hydrolysis by
increased muscular blood flow during exercise [24].
Serum concentrations of the vasoactive substance ET-1
were found to be significantly lower immediately following
the maximal bout when compared to mild exercise. To our
knowledge, this is the first study to reveal such findings.
Previous research indicates that aerobic exercise training
can reduce ET-1. Yet, limited work exists assessing the
acute response to exercise, but increases have been reported
following a 30-minute high intensity bout [5, 25, 26]. The
decreased ET-1 may be due to a greater uptake by ET-B
receptors following maximal intensity exercise and may, to
some extent, explain the favourable trends in FMD observed
given that ET-1 is a potent vasoconstrictor [27]. Increased
shear stress is a known stimulus for NO production and it
is possible that the increased shear stress following maximal
exercise induced a reduction of ET-1 release as NO is known
to attenuate the production of ET-1, possibly via inhibiting
superoxide [28, 29], but further work is required to explore
this pathway. Alternatively, an increase in other vasoactive
mediators or an exercise-induced elevation of circulating
catecholamines could explain the comparative increase in ET-
1 immediately following mild exercise.
Much of the current evidence highlighting the beneficial
effects of high or maximal intensity exercise involves sprint
interval training comprising four to six maximal sprints
separated by periods of active recovery (typically three to five
minutes). As such, one session may require 25–30 minutes
of activity which falls within conventional physical activity
guidelines. When matched for work, high intensity training
can show similar benefits to traditional training, but less is
known regarding the effects of low volume exercise [30],
specifically when acutely examined.Therefore, in the present
investigation, we sought to specifically examine the effects of
a single bout of maximal exercise (five minutes in duration)
in comparison to exercise bouts within the scope of the
existing physical activity guidelines and foundno detrimental
effects to FMD and oxidative stress. We did observe transient
reductions in ΔFMD/ShearAUC from baseline, but these were
restored at 3 hours after exercise and might be explained by
a preconditioning effect of the maximal exercise. As with all
studies, this investigation comes with some limitations. The
three exercise bouts in the investigation were not matched
for volume of work completed and thus it could be argued
that any differences could be due to variances in the total
work as opposed to the intensity per se and research is
clearly needed to breach the gap. We believe the general
public may not have the means to match exercise sessions
for volume and, given that many individuals cite a lack of
time as a perceived barrier to exercise, interventions that
are time effective, but still yield beneficial health and fitness
effects, are still of great interest to exercise physiologists. The
collection of blood samples at all data points, commensurate
with FMDmeasurements, may have also provided additional
insights, but unfortunately these were not obtained in the
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current study. Future work should consider a longer follow-
up within the postexercise period and larger sample sizes,
which may help to reduce the variation evident in some of
our data, for example, FMD. Finally, as the exercise bouts in
this studywere conducted following an overnight fast, control
or standardizing of meal intake may also be considered for
future research given the possible challenges of undertaking
maximal intensity continuous running in the fasted state.
However, no side-effects were reported during this trial.
5. Conclusions
Whilst the benefits of exercise for the individual and public
health are widely recognised, less certainty is known about
the precise mode, type, and duration of exercise required to
attain such benefits. In recent years, the merit of low volume,
high intensity exercise training has become increasingly
prominent with data showing comparable benefits following
high intensity interval training and traditional endurance-
based training in skeletal muscle metabolic control and
cardiovascular system function [30, 31]. Data from the cur-
rent study seems to broadly support this theme by suggest-
ing comparable effects of short duration maximal intensity
exercise with mild and moderate exercise on measures of
endothelial function (FMD) and oxidative stress. It is likely
that exercise exerts changes to endothelial function via a
multimechanistic pathway involving both physical and chem-
ical stimuli; key mechanisms that may evoke changes to the
vascularmilieu include an increase in shear stress, a reduction
in ET-1 concentration, and an alteration in oxidative stress.
Further parallel research should be conducted to investigate
the effect of low volume, high intensity exercise training on
endothelial function in different population groups, specif-
ically those at risk for cardiometabolic disorders, as this
may represent a convenient alternative to traditional exercise
regimes. Our findings provide tentative evidence that a single
bout of maximal exercise may be a more time efficient
approach than traditional exercise based on physical activity
guidelines and this may have important implications for
future public health recommendations.
Abbreviations
FMD: Flow-mediated dilation
ET-1: Endothelin-1
ROS: Reactive oxygen species
NO: Nitric oxide
BMI: Body mass index
SST: Serum separating clot activator tubes
LOOH: Lipid hydroperoxides
HPLC: High pressure liquid chromatography
FOX: Ferrous iron/xylenol orange
ANOVA: Analysis of variance
HSD: Honestly significant test.
Conflict of Interests
The authors declare that they have no conflict of interests.
Acknowledgments
The authors would like to thank Lyndsey Taylor for her
assistance with data acquisition and analysis for this study.
This research was funded in part by the Northern Ireland
Department of Education and Learning.
References
[1] C. Walther, S. Gielen, and R. Hambrecht, “The effect of exercise
training on endothelial function in cardiovascular disease in
humans,” Exercise and Sport Sciences Reviews, vol. 32, no. 4, pp.
129–134, 2004.
[2] D. J. Green, N. Rowley, A. Spence et al., “Why isn’t flow-
mediated dilation enhanced in athletes?”Medicine & Science in
Sports & Exercise, vol. 45, no. 1, pp. 75–82, 2013.
[3] E. A. Dawson, D. J. Green, N. T. Cable, and D. H. J. Thijssen,
“Effects of acute exercise on flow-mediated dilatation in healthy
humans,” Journal of Applied Physiology, vol. 115, no. 11, pp. 1589–
1598, 2013.
[4] S. Maeda, T. Miyauchi, T. Kakiyama et al., “Effects of exercise
training of 8 weeks and detraining on plasma levels of endo-
thelium-derived factors, endothelin-1 and nitric oxide, in
healthy young humans,” Life Sciences, vol. 69, no. 9, pp. 1005–
1016, 2001.
[5] S. Maeda, T. Miyauchi, M. Sakane et al., “Does endothelin-1
participate in the exercise-induced changes of blood flow dis-
tribution of muscles in humans?” Journal of Applied Physiology,
vol. 82, no. 4, pp. 1107–1111, 1997.
[6] C. Goto, Y. Higashi, M. Kimura et al., “Effect of different inten-
sities of exercise on endothelium-dependent vasodilation in
humans: role of endothelium-dependent nitric oxide and oxida-
tive stress,” Circulation, vol. 108, no. 5, pp. 530–535, 2003.
[7] B. D. Johnson, J. Padilla, and J. P. Wallace, “The exercise dose
affects oxidative stress and brachial artery flow-mediated dila-
tion in trained men,” European Journal of Applied Physiology,
vol. 112, no. 1, pp. 33–42, 2012.
[8] A. Ceriello, C. Taboga, L. Tonutti et al., “Evidence for an inde-
pendent and cumulative effect of postprandial hypertriglyc-
eridemia and hyperglycemia on endothelial dysfunction and
oxidative stress generation: effects of short- and long-term sim-
vastatin treatment,” Circulation, vol. 106, no. 10, pp. 1211–1218,
2002.
[9] M. Ristow, K. Zarse, A. Oberbach et al., “Antioxidants prevent
health-promoting effects of physical exercise in humans,” Pro-
ceedings of the National Academy of Sciences of the United States
of America, vol. 106, no. 21, pp. 8665–8670, 2009.
[10] G. A. V. Borg, “Perceived exertion: a note on ‘history’ andmeth-
ods,” Medicine and Science in Sports and Exercise, vol. 5, no. 2,
pp. 90–93, 1973.
[11] R. A. Harris, S. K. Nishiyama, D.W.Wray, and R. S. Richardson,
“Ultrasound assessment of flow-mediated dilation,” Hyperten-
sion, vol. 55, no. 5, pp. 1075–1085, 2010.
[12] J. Padilla, B. D. Johnson, S. C. Newcomer et al., “Normalization
of flow-mediated dilation to shear stress area under the curve
eliminates the impact of variable hyperemic stimulus,” Cardio-
vascular Ultrasound, vol. 6, article 44, 2008.
[13] D. B. Dill and D. L. Costill, “Calculation of percentage changes
in volumes of blood, plasma, and red cells in dehydration,”
Journal of Applied Physiology, vol. 37, no. 2, pp. 247–248, 1974.
8 Oxidative Medicine and Cellular Longevity
[14] C. M. McClean, M. Clegg, A. Shafat et al., “The impact of acute
moderate intensity exercise on arterial regional stiffness, lipid
peroxidation, and antioxidant status in healthy males,” Research
in Sports Medicine, vol. 19, no. 1, pp. 1–13, 2011.
[15] D. I. Thurnham, E. Smith, and P. S. Flora, “Concurrent liquid-
chromatographic assay of retinol, alpha-tocopherol, beta-
carotene, alpha-carotene, lycopene, and beta-cryptoxanthin in
plasma, with tocopherol acetate as internal standard,” Clinical
Chemistry, vol. 34, no. 2, pp. 377–381, 1988.
[16] D. G. Altman, “Statistics and ethics in medical research. III.
How large a sample?” British Medical Journal, vol. 281, no. 6251,
pp. 1336–1338, 1980.
[17] T. L. Llewellyn, M. E. Chaffin, K. E. Berg, and J. R. Meendering,
“The relationship between shear rate and flow-mediated dila-
tion is altered by acute exercise,” Acta Physiologica, vol. 205, no.
3, pp. 394–402, 2012.
[18] J. Padilla, R. A. Harris, and J. P. Wallace, “Can the measurement
of brachial artery flow-mediated dilation be applied to the acute
exercise model?” Cardiovascular Ultrasound, vol. 5, article 45,
2007.
[19] G.K. Birk, E. A.Dawson,A.M. Batterhamet al., “Effects of exer-
cise intensity on flow mediated dilation in healthy humans,”
International Journal of Sports Medicine, vol. 34, no. 5, pp. 409–
414, 2013.
[20] R. J. Bloomer, P. G. Davis, L. A. Consitt, and L. Wideman,
“Plasma protein carbonyl response to increasing exercise dura-
tion in aerobically trained men and women,” International
Journal of Sports Medicine, vol. 28, no. 1, pp. 21–25, 2007.
[21] M. C. Gomez-Cabrera, A. Salvador-Pascual, H. Cabo, B. Fer-
rando, and J. Vin˜a, “Redox modulation of mitochondriogenesis
in exercise. Does antioxidant supplementation blunt the bene-
fits of exercise training?” Free Radical Biology & Medicine, vol.
86, pp. 37–46, 2015.
[22] L. Y. Tanaka, L. R. G. Bechara, A. M. Dos Santos et al., “Exercise
improves endothelial function: a local analysis of production of
nitric oxide and reactive oxygen species,”Nitric Oxide—Biology
and Chemistry, vol. 45, pp. 7–14, 2015.
[23] D. K. Bowles, C. E. Torgan, S. Ebner, J. P. Kehrer, J. L. Ivy, and
J. W. Starnes, “Effects of acute, submaximal exercise on skeletal
muscle vitamin E,” Free Radical Research, vol. 14, no. 2, pp. 139–
143, 1991.
[24] D. M. Bailey, L. Lawrenson, J. McEneny et al., “Electron para-
magnetic spectroscopic evidence of exercise-induced free rad-
ical accumulation in human skeletal muscle,” Free Radical
Research, vol. 41, no. 2, pp. 182–190, 2007.
[25] S. Maeda, J. Sugawara, M. Yoshizawa et al., “Involvement of
endothelin-1 in habitual exercise-induced increase in arterial
compliance,”Acta Physiologica (Oxford), vol. 196, no. 2, pp. 223–
229, 2009.
[26] T. Otsuki, S. Maeda, M. Iemitsu et al., “Vascular endothelium-
derived factors and arterial stiffness in strength- and endu-
rance-trainedmen,”American Journal of Physiology—Heart and
Circulatory Physiology, vol. 292, no. 2, pp. H786–H791, 2007.
[27] D.H. J.Thijssen,G.A. Rongen,A. vanDijk, P. Smits, andM.T. E.
Hopman, “Enhanced endothelin-1-mediated leg vascular tone
in healthy older subjects,” Journal of Applied Physiology, vol. 103,
no. 3, pp. 852–857, 2007.
[28] F. Bohm and J. Pernow, “The importance of endothelin-1 for
vascular dysfunction in cardiovascular disease,” Cardiovascular
Research, vol. 76, no. 1, pp. 8–18, 2007.
[29] C. M. Boulanger and T. F. Luscher, “Differential effect of cyclic
GMP on the release of endothelin-1 from cultured endothelial
cells and intact porcine aorta,” Journal of Cardiovascular Phar-
macology, vol. 17, no. 7, pp. S264–S266, 1991.
[30] M. J. Gibala, J. P. Little, M. J. Macdonald, and J. A. Hawley,
“Physiological adaptations to low-volume, high-intensity inter-
val training in health and disease,”The Journal of Physiology, vol.
590, no. 5, pp. 1077–1084, 2012.
[31] J. P. Little, A. Safdar, G. P. Wilkin, M. A. Tarnopolsky, and M. J.
Gibala, “A practical model of low-volume high-intensity inter-
val training inducesmitochondrial biogenesis in human skeletal
muscle: potential mechanisms,” Journal of Physiology, vol. 588,
no. 6, pp. 1011–1022, 2010.
Submit your manuscripts at
http://www.hindawi.com
Stem Cells
International
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
MEDIATORS
INFLAMMATION
of
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Behavioural 
Neurology
Endocrinology
International Journal of
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Disease Markers
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
BioMed 
Research International
Oncology
Journal of
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Oxidative Medicine and 
Cellular Longevity
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
PPAR Research
The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014
Immunology Research
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Journal of
Obesity
Journal of
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
 Computational and  
Mathematical Methods 
in Medicine
Ophthalmology
Journal of
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Diabetes Research
Journal of
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Research and Treatment
AIDS
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Gastroenterology 
Research and Practice
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Parkinson’s 
Disease
Evidence-Based 
Complementary and 
Alternative Medicine
Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com
